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Stable Haptic Interaction Using Passive and Active
Actuators

Carlos Rossa, José Lozada, and Alain Micaelli

Abstract— This paper presents a stable control method for a
hybrid haptic device comprising a brake and a motor. A review
of stability condition via describing function analysis is first
presented. The results show that while brakes are intrinsically
stable, an active device is limited in terms of stiffness. The
stability is however improved if the brake simulates a physical
damping. Subsequently, the stability condition is obtained via
passivity condition analysis. The results demonstrate that the
stiffness is improved by engaging both actuators to create resistive
forces and the passivity is respected assuming a passive virtual
environment. An energy and a stiffness-bounding algorithms have
been developed in order to assure the stability of the coupled
system in this case. It has been tested and validated using a
1-DOF hybrid haptic device by the simulation of an unstable
and an active virtual environments respectively. Experimental
results show that the displayable stiffness is improved under
stability conditions using the control method. Furthermore, it
allows the hybrid system to simulate nonlinear and unstable
virtual environments and the controller remains independent of
the virtual environment model.

1. MOTIVATION

Haptic devices are a range of robotic systems designated
to display reflecting forces to an human operator using me-
chanical actuators. By this means he is able to feel, touch and
manipulate computer-generated environments or teleoperation
tasks.

Stability and transparency are a key design requirement in
haptic systems. The ideal haptic device possesses no inertia
and friction, infinite bandwidth and should be able to vary
from zero (complete freedom) to infinite (complete constraint)
output impedance while maintaining stability.

The use of active actuators such as DC motors is amply
widespread in the design of haptic devices since it can display
reflecting forces with a relatively fast response time and good
control performance. However, it is well-known that there is a
compromise between the stability and the control loop gains
[1]. As a consequence, any active haptic device will exhibit
a finite dynamic range of impedance. Therefore, Colgate and
Brown [2] introduced the concept of "Z-width" as the dynamic
range of achievable impedance, and invoked factors affecting
performance including the interface dynamics, sensors quan-
tization and the sampling rate.

To achieve stable haptic interaction, several researchers
paid attention to two main control methods: First, Colgate
et al. [3] presented the concept of virtual coupling which
bounds the range of achievable impedance for passive human
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Fig. 1. Comparative analysis of displacement impedance range of a MR

brake (Lord Corp. RD-2068-10, 5 Nm,) and a DC motor (Maxon EC-40, 220
mNm). The actuators are coupled to a reduction stage in order to obtain SONm
at the end effector [10].

operators and environments. Adams and Hannaford [4] use
two-port network theory to determine optimal virtual coupling
parameters. The second method is based on the use of a
passivity-based control schemes as a passivity controller that
limits the restored energy to no more than the energy provided
by the operator [5][6]. Although passivity-based control is
an effective way to guarantee stability, it cannot assure the
interface’s fundamental safety.

The mentioned studies assume that the force reflecting is
active and reach the consensus that for guaranteeing stability,
some energy dissipation is necessary. Notwithstanding, active
actuators can be replaced by passive actuators, which are
intrinsically stable and safe. Compared with a conventional
DC motor, magnetorheological (MR) brakes, for example,
have the advantage of a higher torque/volume and torque/mass
ratio and present lower power requirements. Furthermore, MR
brakes provide greater mechanical impedance compared to a
motor as presented in Fig. 1. Nonetheless, passive actuators
cannot restore energy to the operator, and as a consequence,
the haptic rendering is limited [7]. Therefore, an hybrid
system comprising active and passive actuators appears as an
encouraging solution to achieve both large Z-width and large
stability ranges [8]. When the actuators are linked in parallel,
the presence of a passive high torque density actuator allows
the use of an active actuator with an inferior torque capacity.
This configuration enhances the transparency of the device by
removing, for example, the reduction stages [9].

Two main actuation approaches are employed for the control
of hybrid actuators: When the motor is used to create the
reflecting forces, the brake can display a controllable physical
damping to provide for the motor’s stability [11]. Conversely,
in the second case where the rendering is assumed by the
brake, the motor assists the brake by compensating for its
inherent residual torque [12]. In the first case, the stability of
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Fig. 2. Different kinds of force feedback devices: an active interface based
on a conventional motor (a) and a passive interface comprising a controllable
brake (b).

the system can be improved, but the stiffness remains limited
by the torque capacity of the motor. In the second case, the
actuation is based on the brake; the stiffness could be improved
but the interface remains too conservative. These two methods
turn out to be complementary, thus, another possibility is to
activate the actuators independently. For instance, the brake
and the motor could be used to create dissipative forces and
the motor can also restore some energy to the operator.

This paper is organized as follows. An analysis of stability
is performed using different approaches: In Section 2, the
stability condition is obtained via describing function analysis.
In Section 3, the brake is used to simulate a stiffness and the
stability condition is obtained via passivity condition analysis.
Subsequently, based on the stability constraints, an energy
and a stiffness-bounding algorithms are presented. It has been
tested and validated using a 1-DOF hybrid haptic device and
the results are presented in Section 5.

2. STABILITY VIA DESCRIBING FUNCTION ANALYSIS

This analysis aims to highlight the influence of a con-
trollable physical damping on the performance of an hybrid
actuator.

The following example refers to Fig. 2. Consider a 1-DOF
force-feedback interface composed of a mechanical device
which has as an inertia J and some viscous friction b. The
virtual environment is represented as a function H (z), linear or
not, which contains the mathematical model of the simulation
and calculates the interaction torque 75 as a function of
the end-effector position 6*. A human operator, modelled as
a passive impedance Zy(s), interacts with the device. The
system is controlled with a sampling rate 7" and the conversion
between the discrete and continuous domain is obtained by a
zero-order hold function ZOH (s) = #

The interface of Fig. 2(a) employs an active actuator while
in 2(b) a passive one is used. The control loop scheme can
be divided into two different subsystems. The first, called
G(jw), comprises the human operator, the haptic device and
the actuator. The second is the virtual environment H(z).
The mechanical device, the human operator and the virtual
environment are assumed to be strictly passive, it implies
Re{H(e*T)} > 0, Re{Zy(s)} > 0 and Re{Js+b} > 0.
The characteristic equation of the transfer function in closed-
loop is 1+ H (e*T') G(s) = 0. The solution to this equation is

Js+b+ Zy(s)

1
Im, ;s Im Im} o701 Zo(3) hn’ww)

Re

b Rj;(s)

(a) (b) (©) (d)

Fig. 3. Evolution of the Nyquist regions of the transfer function of an active
and a passive interfaces.

given by the intersection between the correspondent Nyquist
region of the function G(s) and the locus of —ﬁg),
which represents the limit cycles of stability. This analysis
is presented in Fig. 3. Since the user’s impedance is assumed
to be passive, its Nyquist region occupies the right side in
the Real/Imaginary plane (Fig. 3a). When combined to the
impedance of the device, this region is shifted to the right by
b units (Fig. 3b). The inverse of the total impedance takes the
form of a closed disk V' (s) with a radius 1/2b (Fig. 3c¢).

Consider the passive interface presented in Fig. 2(b). The
locus of the transfer function of the actuator and of the virtual
environment occupies the right half plan of the complex plan.
As a consequence, they will never be encircled by the region
V(s) of the function 1/Js+ b+ Zy(s). In other words, there
is no stability limit cycles.

Now, consider the active interface of Fig. 2(a). In this case,
the ZOH (s) function creates a delay due to the sampling rate.
It injects energy into the system in an amount proportional to
the displayed force [13]. The Nyquist region of the transfer
function of the user and of the mechanical device V(s) is
shifted to the third quadrant (Fig. 3d) and is represented by
the region denoted R}, (s). Thus, for a given value of 7', w and
b, there can be intersections between the Nyquist region of the
active interface transfer function and the locus of —ﬁ.

Colgate and Schenkel [1] obtained a stability criterion for
the simulation of a virtual wall modelled as a spring-damper
system with a stiffness K and a damping B given by:

TK
b> -+ B (1

From this equation we can draw that to achieve stability
some physical energy dissipation is necessary. Nevertheless,
an inherent physical damping damages the transparency of the
haptic rendering. A brake can then provide a controllable phys-
ical damping B varying from low to high output impedance.
The passivity condition becomes b + B > Tk/2 [14]. This
approach can effectively improve the maximum stable stiffness
of the motor but the total stiffness of the system remains
globally limited by the torque capacity of the motor.

This analysis demonstrates that for an active interface there
is a tradeoff between the stiffness and the stability. Another
control possibility may consist of engaging both actuators to
simulate a stiffness. With this goal in mind, an analysis of sta-
bility via passivity condition is conducted in the next section.
Subsequently, an energy and stiffness-bounding algorithms are
presented in order to guarantee the stability of the coupled
system.
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Fig. 4. Hybrid interface comprising a brake and a motor linked in parallel.
The virtual environment is the function H (z) which determines the reference
torque 73 as a function of the measured position 6*. The controller applies
the torque by means of the motor (7,,) or the brake (7). The operator is
modelled as a passive impedance Zo(s) and imposes a torque 7.

3. STABILITY VIA PASSIVITY CONDITION ANALYSIS

Instead of using the brake to provide a controllable physical
damping, both actuators can be engaged to improve the
stiffness of the system. This analysis aims to highlight the
influence of stiffness simulated by a passive actuator on the
performances of a hybrid actuator.

Consider now a hybrid interface comprising a brake and a
motor linked in parallel as shown in Fig. 4. The torques called
Th(u), 72 (u), 7(u) and 7., (u) are the reference torque of the
virtual environment, the torque imposed by the user, by the
brake, and by the motor respectively.

An intuitive statement of global passivity of a system is that
it does not create energy [5]. Thus, a sufficient condition for
passivity of the virtual environment is:

t
—i/MWWWMuZO vt >0 2)

0
Where 6(u) is the velocity of the end-effector. For a haptic
interface, a condition for passivity is that the total energy in

the device is never greater than the energy provided by the
operator:

t
1 . .
§J92(u) < /Tz(u)Q(u)du vt >0 3)
0
The kinetic energy of the device is:

?ﬁ@:f/n@Wmmf/m@me
0 0
— [ n(w)b(u)du+ [ b0*(u)du (4)
[ |

Replacing Equation 4 in Equation 3, the passivity condition
yields:

t

—/mmme—/%mmmm
0 0
+ [ b} (w)du>0 VE>0 (5)
/

Consider 0 < S(u) < 1 a function which determines a
sharing of the effort between the motor and the brake. If only
the motor is activated S(u) = 1, whereas if only the brake is
enabled S(u) = 0. When 0 < S(u) < 1, the torque calculated
by the virtual environment is applied on the interface by the
brake and the motor simultaneously. Consider also that the
brake is always able to provide the required torque so that
max(7,) > max(7p,). Finally, we denote 0 < (7;,) < 1 the
unsaturation ratio of the motor with respect to the reference
torque, which could be physical or implemented in the virtual
environment.

The effective torque provided by the motor is 7, =
ZOHT,S(u)B(1,) and the torque provided by the brake is
7 = ZOHT,(1 — S(u)). The power flow in the device is
P(u) = 6(u) [~7m(u) — (). If we consider that 7, =
Tm + Tb, the power can be defined as the product of the virtual
torque 7, = H(z)0 and the measured velocity (u), so that
P(u) = (—73)0(u) [15].

The passivity condition becomes:

/Mﬂm5ﬁmeMu+/Yl—Sm»PWMu
0 0
+/szo Vt>0 (6)

This expression, after some mathematical manipulation, can
be reformulated as:

t t

/S(u) [B(7h) — 1] P(u)du + /P(u)du
0 0
+ [ b6du>0 Vt>0 (7)
/

The passivity is obtained for two different behaviours. First,
consider the case when the power is positive. The third term
of Equation 6 represents the energy dissipation due to viscous
friction, and is a power-independent variable guaranteed to be
always positive. Since 0 < S(u) <1 and 0 < B(1,) < 1 the
two other terms are positive or zero for a positive power. The
interface is guaranteed to be passive in this case.

Consider, now the case when the power flow in the interface
is negative. Referring now to Equation 7, the second term
fot P(u)du represents the energy of the virtual environment
(defined by Equation 2). As we assumed that the virtual
environment is passive, its energy is guaranteed to be positive
or zero. Finally, a sufficient condition for passivity when the
power is negative is fg S(u) [B(m) — 1] P(u)du > 0. Since



0 < B(mn) <1, it implies S(u) [B(7h) — 1] P(u) > 0 and the
interface is guaranteed to be passive.

Based on these statements, Section 4 presents a control
method which aims to provide a stable interaction.

4. STABLE CONTROL

In the previous sections, a stability analysis of a hybrid
interface was developed. Via describing function analysis, it
can be concluded that, in contrast to the motor, the brake is
not limited in terms of displayable stiffness. Via passivity
condition analysis, it has been shown that the system is
maintained passive if the virtual environment is also passive.
These two circumstances, when not respected, contribute to
the instability of the system.

In this section, two algorithms are implemented in the
controller in order to ensure the stability of the coupled system
even for non-linear and unstable virtual environments. First, in
order to maximize the reactivity of the hybrid system a control
method is proposed. In view of assuring the passivity of the
system when the passivity condition of the virtual environment
is not respected, an energy-bounding based control method is
subsequently implemented. The second method consists of a
stiffness-bounding based control, which is able to limit the
stiffness sent to the motor in order to assure the passivity
condition obtained by describing function analysis.

4.1 Energy-bounding Algorithm Definition

In order to determine an optimal shearing of the efforts
between the brake and the motor, the observation of the
power is used to determine if the interface should dissipate
or restore energy. The brake can only be enabled to dissipate
energy while the motor can display both active and dissipative
behaviours.

By definition, the haptic device dissipates energy if the force
applied by the interface on the operator is opposed to the
velocity. The observed power is then positive. In other words,
the power flows from the operator to the interface. Thus, if
P < 0, the controller sets S(u) = 1 and P > 0 . 0 <
S(u) < 1.

Using the power flow-based control, the controller needs
only two pieces of information: the torque calculated by the
virtual environment 7; and a measure of the position or
velocity. It enables to decouple the design of the controller
from that of virtual environments [15].

In order to obtain a transparent transition between the
brake and the motor, and to maximize the reactivity of the
system, the actuation approach works as follows. The motor is
activated up to its saturation in both cases. Beyond this point,
and for a dissipative behaviour, the torque is compensated by
the brake so that 7, = 75, — Tsqat if |Th| > |Tsat]-

If the motor has a torque capacity, called 744, inferior to
the brake, the unsaturation ratio of the motor §(7;,) can be
computed as follows:

min (7], |Tsa )

|7h|

B(h) = ®)

As a result the variable S(u) should be set to () for
a dissipative behaviour and to 1 when the interface restores
energy. In order to implement this control method, a power-
sign dependent variable o(P) = 0 if P(u) > 0 and o(P) =1
if P(u) <0, is defined as:

o(P) =  [sgn(P) ~ 1] sgn(P) ©)

Thus, the variable S(u) can be computed as follows:

S(u) = B(mn)(1 = o(P)) + o (P)

The torque provided by the motor can then be redefined as
Tmh = S(u)ZOHT, while the braking torque remains 7, =
(1-S(u)ZOHTy,.

The passivity condition is not respected if the virtual en-
vironment is not passive. Furthermore, the ZOH function
injects energy into the system in an amount proportional to
the displayable stiffness [13]. It may cause the violation of
the stability criterion. However, the passivity of the system
can be assured by the controller if a limitation of the active
torque is implemented.

Since the brake cannot inject energy into the system, the
energy-bounding algorithm is defined only as a function of
the energy provided by the motor. Its energy is defined as
En)=->,_, Tmn (K)O(K). Another possibility may consist
of considering the energy of the coupled system E.(n) =
— S [Tmn (k) +75(k)]0(K) as the passivity observer. How-
ever, if the brake has a greater torque capacity than the motor,
the energy observer stores a high value of energy and the
motor will not be constrained to display a passive behaviour
up to the restitution of the total stored energy.

The controller works as follows. If the energy becomes
negative, it means that the interface is not passive. The
reference torque 7, is then transferred to the brake instead
of the motor and the created energy is dissipated. In this case,
there are two possibilities: if the user tries to turn the end-
effector in the direction of the reference torque (the power
is negative) the brake is activated by setting S(u) = 0; if
the interface dissipates energy, even if the energy observer is
negative, the motor can again be activated by setting S(u) =
B(7y). Taking into consideration the dissipated energy by the
brake in this case, the energy observer can be defined as
E(n) = — Yy [ronn () + (K)o (P)]6(R).

The energy-bounding based control takes the following

formulation:
_ [ Bm)(A=0o(P)) +0(P)
Slu) = { hB(Th)(l —o(P)) Otherwz'se(ll)

The unsaturation ratio of the coupled system, called «(u),
is computed as follows:

(10)

if E>0

a(u) =a(P)(B(mn) —1) +1 (12)

The variable a(u) indicates the capacity of the system to
respect the reference torque. The evolution of the variables
is presented in Fig. 5. The interface dissipates energy when
P(u) > 0. Only the motor is activated up to its saturation by
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Fig. 5. Time-variant control variable S(u) and the unsaturation ratio of the
system a(u). For a dissipative behavior both actuators are engaged and the
system can display the requiered torque (c(u) = 1). For an active behavior
only the motor is enabled if £ > 0, the saturation of the system depends on
the torque capacity of the motor .

setting S(u) = 1. Beyond this point, the brake compensates for
the error between the reference torque and the saturation of the
motor. Thus, both actuators are engaged at the same time and
braking the torque increases as a function of S(u). The system
is able to dissipate all the energy of the virtual environment and
a(u) = 1. When P(u) < 0 the interface restores energy to the
operator. In this case only the motor can be engaged and S(u)
is set to 1. The system displays the reference torque only up
to the saturation of the motor (a(u) = 1 if 7, < Tsq¢). Beyond
this point the system becomes saturated and a(u) decreases
as a function of the reference torque.

Using this control method, the brake and the motor can be
treated as two independent actuators. The total stiffness of the
system is the contribution both of the stiffness of the motor
and the brake. The only constraint is that if the energy of the
motor is negative, the brake is enabled instead of the motor.

4.2 Stiffness-bounding Algorithm Definition

According to the proposed control method, only the motor
is engaged until its saturation. During this phase, the stiffness
is limited according to the stability criterion of Section 2. The
maximal stiffness k;;,, under stability conditions is calculated
by kiim = 2%. The controller then compares the variation
of the torque calculated by the virtual environment with the
variation of the measured position called 06 = 63) —60(x_1) to
deduce the stiffness of the virtual environment. If the stiffness
violates the stability criterion, the effective torque sent to the
motor, called 7,1y, should be recalculated and the difference
sent to the brake. The index (k) represents the actual value of
the variable and (k — 1) is the value at the previous sampling
time.

The stiffness bounding algorithm takes the following for-
mulation:

Tsb(k) = {
13)

For a dissipative behaviour, the difference between 7, and
Tsb is compensated by the brake so that 7,y = Trk) — Tsb(k)-
It is obtained by recalculating S(u): Since 7, = ZOH (1 —
S(u))Th, it implies S(u) = 74, /7. Taking into consideration
the saturation of the motor, this condition can be achieved by
redefining B(7,) as:

: Th(k) ~Tsb(k—1
Thi(k) if D <y,

ktim00 + Top(k—1) otherwise

o 0

(b) Virtual obstacle simulation

(a) Active virtual environment

Fig. 6.  Unstable virtual environments designed to validate the control
algorithms: An active (a) and a high stiffness (b) models are used to validate
the energy-bounding and the stiffness-bounding algorithms respectively.

min (|7s|, [Tsat|)
|7h]
Where S(u) is defined by (11). Note that the algorithm is

implemented in the controller and thereby the virtual environ-
ment is not altered.

B(mn) = (14)

5. EXPERIMENTAL RESULTS

A test bench composed of a Maxon motor RE40 with a
maximal torque of 0.302Nm, linked in parallel to a Lord
Corp. MR brake RD2078, maximal torque 2Nm, was used to
validate the control laws (Fig. 7(a)). The system is controlled
by a microcontroller (Silicon Lab. C8051F120) operating at
99.4MHz. The sampling rate is T=200us. The angular position
is measured using an incremental encoder with 500 pulses per
revolution. Fig. 7(b) shows the control loop. The control laws
are implemented in the controller and are independent of the
virtual environment H(z).

Two tests were conducted. In the first case, the passivity
condition is obtained using the energy-bounding algorithm and
in the second experiment the passivity condition is respected
using the stiffness-bounding algorithm. To validate the control
laws, the virtual environment has been defined as an active
simulation and a virtual obstacle with high stiffness for each
test respectively (Fig. 6).

5.1 Energy-Bounding Algorithm

The first virtual environment designed to validate the control
laws simulates a variable-stiffness angular spring (Fig. 6(a)).
The stiffness ko during the decompression phase (P < 0)
is greater than the stiffness k; during the compression phase
(P > 0). The energy of the spring is given by f09 Trdf with
T, = K0. For two different stiffness, the total energy of
the simulation, if the end-effector compresses the spring and
returns to the initial position, is given by F,, = f(fol k10d6 +
f 9910 ko0df. If ko > ki1, FEy. < 0 and the passivity condition is
not be respected: the virtual environment creates energy and
the amount of created energy is —F,.. It enables the simula-
tion to observe the impact of an active virtual environment in
the passivity condition. Consider ky = 10k;.

The experimental result is shown in Fig. 8. The end-effector
attains the spring at t=0.38s (A). The virtual environment
then calculates a torque opposed to the velocity. It represents
a dissipative behaviour (P > 0). The motor follows the
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and PI 2). The brake generates both a controllable torque and a viscous torque,
and the braking toque is modelled using Karnopp’s stick-slip model.

reference torque until its saturation (from (A) to (B) in the
second diagram) and then the brake compensates the torque
(B). At t=1.41s the velocity is inverted and the power becomes
negative. The brake is turned off (C) and the motor simulates
the decompression phase according to the second stiffness
(from (C) to (D) but the motor is saturated). At t=2.12s,
the energy of the motor becomes naturally negative ((D) in
the energy’s diagram). The motor is then turned off and the
torque is transferred to the brake until the total dissipation of
the created energy (E). A zoomed view of the torque in this
region is shown in the third diagram. Note that if the user
tries to compress the spring again, the motor can be activated
since it represents a dissipative behaviour (as imposed by (11)).
Subsequently, the energy of the motor is maintained positive or
zero and the interface is guaranteed passive despite the active
virtual environment.

5.2 Stiffness-Bounding Algorithm

In the second experiment the virtual environment is defined
as a high-stiffness angular spring (K=85 Nm/rad) (Fig. 6(b)).
This stiffness overtakes the maximal stiffness displayed by
the motor under stability conditions fixed at k;;,,,=25 Nm/rad.
Thus, the algorithm limits the motor’s torque and the brake

brake
§ =—=""motor |
% - -~ total |
>
<2 (D
E L)
-1 1 1 1 1 1
0 0.5 1 1.5 2 25 3
time [sec]
1,5 .
_ brake
€ ——.
S 1+ . . . N . . motor-
) = = = - total
z
[T motor
(E)
. N\ R
2.1 212 2.14 2.16 2.18 2.2
time [sec]
4 .
brake I
= —*—" motor B P i 1P
= 2f (©) \energy
2 dissipation
o | (A B) =z == ~—. (
LICJ e N e —
E = 0/
_2 1 I 1 1 1
0 0.5 1 1.5 2 25 3

time [sec]

Fig. 8. Experimental results of the simulation of an active virtual environment
using the energy-bounding algorithm.

compensates for the difference.

Fig. 9 shows the experimental result. The end effector
attains the wall at 0.26rad (A). The algorithm calculates the
virtual stiffness and bounds the stiffness sent to the motor to 25
Nm/rad (from (A) to (B)). The difference between the motor’s
torque and the desired torque is sent to the brake which then
displays a stiffness of 60 Nm/rad until the saturation of the
motor (B). Beyond this point the total stiffness (85Nm/rad)
is transferred to the brake. The reference torque is respected
under stability condition using the contribution of the brake
and of the motor.

6. CONCLUSION

In view of improving both transparency and stability, this
paper proposes a control method for a actuator comprising
a MR brake and a motor. The sharing of efforts is obtained
as a function of the power flow. If the interface dissipates
energy, the motor is engaged until its saturation and the brake
compensates for the error between the virtual torque and the
motor’s torque. When the interface restores energy to the
operator, the brake is turned off. The coupled system thus
behaves equivalently to two independent systems.

A stability analysis has been conducted for this control
method. The analysis demonstrated that the system is guaran-
teed to be passive if the virtual environment is also passive, and
assuming greater braking torque capability than the motor’s
torque. From these results, an energy-bounding based control
was implemented to ensure the passivity of the system even
for unstable and nonlinear virtual environments. A second
stability analysis, via describing function, shows that the
stiffness sent to the motor should be limited in order to assure
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algorithm. The actuators are engaged with different stiffness values. The
segmentation is due to the resolution of the controller to calculate B(7p).

the passivity of the system. Therefore, a stiffness-bounding
algorithm was implemented, which enables the system to
simulate an adjustable stiffness between the brake and the
motor.

These algorithms work simultaneously. The first one was
validated using an active virtual environment. The experi-
mental results demonstrate that the system remains passive.
The second one was tested using the simulation of a virtual
obstacle. The experimental results demonstrate that the stiff-
ness of the coupled system can be improved under stability
constraints. This control method allows the hybrid system
to simulate nonlinear and unstable virtual environments and
remains independent of the virtual environment model.
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